The hydrology and sediment yield of the relatively undisturbed Sungai Air Terjun catchment on the forested Penang Hill was investigated in 1993-1994. Baseflow accounted for 87.3% of the total runoff, while quickflow comprised 12.7%. The suspended sediment concentration varied from an average concentration of 11.36 mg l" 1 (range: 0.5-60.5 mg l" 1
INTRODUCTION
Even under natural forested conditions, erosion varies according to hydrometeorological conditions. Rare, high-magnitude storms are likely to produce major short-term inputs of sediment to river channel systems. Some of the highest reported natural erosion rates from rainforest areas have been related to intense mass wasting under conditions of steep topography, tectonic activity and intense rainfall (Pain & Bowler, 1973; Li, 1976; Bruijnzeel, 1990) . In forested areas, gullying and rilling may occur where soil is exposed through tree falls and landslips (Ruxton, 1967 , Turvey, 1974 . In some cases, gullies may formed by the collapse of subsurface pipes (Morgan, 1986) related to the extreme wetting conditions of the soil as well as active subsurface erosion.
Thus, storm events play a very important role in determining the amount of sediment transported out of a catchment system (Wan Ruslan Ismail, 1996) , especially in the tropics. The nature of the rainfall is such that the storms are very intense, characterized by high intensities of short duration (e.g. Dale, 1959 Dale, , 1960 Lockwood, 1967; Leigh & Low, 1973) , with about 125 mm h" 1 being expected in 30-min duration storms in Peninsular Malaysia (occurring approximately once in five years) and 100 mm h" 1 occurring once in two years (Douglas, 1984) . Such storms could create a higher erosion rate, as has been observed by Starkel (1972) where extreme rainfall events in the Himalaya of more than 700 mm in three days created many new landslides and reactivated old slides with the rate of erosion being about 10 times the annual average. However one must bear in mind that not all tropical rainforest environments are the same because they may differ widely in terms of geology and climate.
The results of the study of the hydrology and sediment yield of a relatively undisturbed catchment on Penang Hill are presented and some comparisons are made with other undisturbed catchments in Malaysia. These results provide new evidence of the role of forest cover in the regulation of water as well as information about sediment yield and factors controlling it in the tropics.
THE STUDY CATCHMENT
The Sungai Air Terjun catchment is bounded by latitude 5°25'N and 5°27'N; and longitude 100°15'E and 100°18'E (Fig. 1) . It is one of the 16 drainage catchments, or hydrological units, within the Penang Hill area. The Sungai Air Terjun (meaning Waterfall Stream) flows NNE from the Penang Hill summit, Bukit Western (833 m a.s.l.), forming part of a radial drainage pattern over steep slopes, until it reaches the treatment plant, whence it flows southeast at a more gentle gradient to join with Sungai Air Itam further downstream; it eventually flows as the Sungai Pinang, on a lowland course, through highly urbanized areas.
The upper parts of the rivers on the Penang Hill (the Air Terjun, Teluk Bahang and Batu Ferringhi) form catchments supplying 30% of domestic water produced at the Penang Water Authority (PBA) treatment plant. Nearly 80% of the available streamflow is extracted from the Sungai Air Terjun catchment. The Sungai Air Terjun upstream of the weir (WA) comprises 94% forest and 6% scrubland.
METHODOLOGY
Rainfall was measured, using Hattori Mk8 tipping-bucket raingauges, at two sites in the Sungai Air Terjun catchment maintained by the Drainage and Irrigation Department (DID) Pulau Pinang: at Bukit Bendera (Wl) on Penang Hill (5°25'25"N; 100°16'15"E), at an altitude of 732 m a.s.l.; and at the Waterfall Treatment Plant (W2: 5°26'25"N; 100°17'10"E), about 70 m a.s.l. (Fig. 1(b) ).
Discharge was measured at the water intake point pond. Water from the upstream part of Sungai Air Terjun is trapped in a pond from which water is continually extracted for treatment. Here, the discharge of the remaining water over the rectangular weir (WA) is monitored using a vertical chart type water level recorder.
The total discharge, Q t , is taken as the sum of water passing over the sharp crested composite rectangular weir, <2weir, and the water extracted for treatment, Q txi recorded-in gallons per hour-in a log book at the treatment plant:
The overflow discharge, <2weir, was calculated using the formula for calculating discharge at a sharp crested rectangular weir (Wanielista, 1990) :
where B is the width of the weir (m) and H is the head of water (m).
Water samples were collected routinely twice a week, with storms samples collected at intervals of 7.5 min using the ALS Mark II automatic liquid sampler, installed for the purpose of this study. Sampling was carried out from September 1993 to September 1994. 
RESULTS AND DISCUSSION

Rainfall
The mean monthly rainfall patterns for Bukit Bendera (Wl) (43 years of record) show a double peaked distribution with two maxima occurring in October and May (Fig. 2) . The rainfall pattern during the study period also exhibited a similar pattern except for certain months, particularly November 1993 and June 1994, which had lower rainfalls than the long-term average. The driest months in Pulau Pinang are normally from December to March, coinciding with the Northeast Monsoon season (Chan, 1981 (Chan, , 1991 Dale, 1960) .
TO
Month, year The rainfall recorded during this study period was mostly below the monthly long-term average, except for that of February, March and August 1994 (Fig. 3) . Rainfall levels in February and March 1994 were 157 and 218.9 mm, respectively, which are 68.8 and 38.2% greater, respectively, than the long-term average. The rainfall in August 1994 was 312.9 mm, 7.12% higher than the long-term average. The recorded rainfall for other months was less than the long-term average with the highest deviation recorded in July 1994 (197.7mm) . The driest month in Sungai Air Terjun catchment was January 1994 with a total rainfall of 8.8 mm representing a deviation of 88.7% below the long-term average. This was the highest percentage deviation of the monthly total rainfall from the long-term average. On the average, 1993-1994 experienced less rainfall compared to the average long-term rainfall, with an average deviation of 40%.
The wettest months were May-October, coinciding with the Southwest Monsoon. Higher rainfalls were also recorded in two the inter-monsoon periods of April and October. October was the wettest month of the year. The monthly patterns observed at Sungai Air Terjun catchment were almost the same with values for Wl being greater than W2, with some exceptions in September and November 1993. 
Rainfall frequency
Annual and monthly rainfall frequency was computed at Bukit Bendera on the Penang Hill based on the available long-term records (43 years). The annual modal rainfall class at Bukit Bendera is 3000 mm with the range from 2100 to 4000 mm. Figure 4 shows the monthly rainfall frequency at Bukit Bendera with a modal frequency of 240 mm (range: 0-900 mm). Altitudinal and orographic effects are thought to be responsible for the high modal rainfall frequency.
During the study period, the frequency of storms of over 5 mm accounted for 65.03% of the total rain days at Wl, and 48.4% of those at W2. Those greater than 
Baseflow and quickflow
The baseflow at Sungai Air Terjun (Fig. 5) was consistently higher, being on average 102 000 m 3 km" 2 (87.3%), while the quickflow average was 17 368.5 m 3 km' 2 (12.7%). Quickflow or stormflow was highest during the wet months of October and November. Higher quickflow was also observed in the month of May and June. No quickflow was observed in the dry month of January where very little rainfall occurred.
Rainfall and runoff
Runoff was higher than rainfall in dry months (December 1993 , January 1994 and July 1994 compared to other months (Fig. 6) . The lack of rainfall and continuous discharge of, possibly, groundwater in the Penang Hill catchment accounted for this higher runoff. In the dry period, the water level in the pond rarely exceeded the level of the mouth of the weir except immediately after rainfall. The highest runoff was observed in the wet months of September and October. 
Suspended sediment concentration
Suspended sediment concentrations at Waterfall weir (WA) during the study period (Table 2 ) reached a maximum concentration during storms on the falling stage of 668.7 mg T
1
. This is an order of magnitude higher than the maximum baseflow concentration of 60.53 mg F 1 . The sediment concentrations do not vary very much above and immediately below the weir. 
Discharge-suspended sediment relationship
The relationship between discharge and suspended sediment concentration (Fig. 7) for all data, storms and during baseflow shows the baseflow discharge ranging from 0.1 to 1 m 3 s~' and a baseflow maximum suspended sediment concentration of 65.3 mg F 1 . For storm events, the concentration was concentrated at about 100 mg 1" and discharge of about 0.5 to 1 m 3 s"
1
. The highest discharge and sediment concentration were about 3 m 3 s" 1 and 668.7 mg F 1 , respectively. The relationships between discharge and sediment concentration were positive with r values of 0.697 for all data, 0.599 for baseflow and 0.413 for storms. The levels of significance for all three cases were 0.001.
Sediment loading and storm sediment yield
The sediment load varied from month to month (Fig. 8) reflecting the influence of rainfall regime. The highest sediment amount was observed in November 1993. The sediment accumulated in the channel and new sediment sources in the slope system generated from previous wet months was available for transport in November. The lowest sediment load was in a dry month (January 1994) where water flows were also low.
The lowest daily minimum load was observed in April 1994. April is a relatively wet month and the first few heavy storms usually occur in April after a long dry spell. Most of the sediment accumulated between boulders in the boulder strewn stream in the dry months and deposited from previous wet months might have been flushed from the channel in the April storms resulting in this low value. The cycle of flushing and deposition of sediment caused the variation in sediment transport in the river system.
The average percentage storm sediment yield per month was 53.19% ranging from 12.27% in the dry month of January to nearly 70% in the wet month of June (Table 3) . The highest storm sediment output (in tonnes) was recorded in November 1993, accounting for almost 60% of the total monthly load. The total sediment yield from the Sungai Air Terjun catchment for the study period was 101.7 t km" 2 year" 1 (Wan Ruslan Ismail, 1995) .
The most erosive storm occurred on 21 November 1993 when the rainfall intensity was 13.7 mm h" 1 and a total of 19.36 t km" of sediment was produced, which is equivalent to 56.3% of the total sediment yield for November (Table 4 ). This storm was not very intense compared to other storms (e.g. August 1994). However, since it came late in the wet season, it could have triggered major mass movements due to the previous wetting conditions set up in the earlier wet months of September and October (most notably by the third largest and longest prolonged storm on 3-10 October 1993 which produced 4.43 t km"" of sediment). Looking at each individual storm (Table 4) , one could say that higher intense rainfall alone cannot be responsible for the removal of a large bulk of sediment from the hill. Instead, the hydrometeorological conditions should be viewed as a collective series of events. This is because other factors, such as sediment availability, and variations in the flushing capability of the individual storm, also play a crucial role in sediment transport. The former point is best described by looking at the next largest storm sediment yield of 7.05 t km" . The storm came four days after the biggest storm (Table 4) . Although the storm was less intense (4.4 mm h" 1 ), the sediment yield was still high due to the available sediment stored in the channel from the previous storm. Another piece of evidence that supports the argument for higher intense rainfall not being the dominant factor in sediment removal is shown by the moderate sediment yield observed in August 1994, even though the storm was heavier (110 mm), more intense (30.9 mm If 1 ) and lasted for three days.
Sediment yield in other forested areas in Malaysia
The sediment yield from Penang Hill catchment is higher than that for other forested areas in Malaysia, but less than that in Sungai W8S5 in Danum Valley, Sabah (Table 5 ). This could be due to the fact that the catchment is not fully forested with 6% being covered with shrub, suggesting that some portion of the catchment had been disturbed. Further, more erosion could still occur even under forested conditions. For example, Herwitz (1986) suggested that runoff from root buttresses caused surface wash under tropical rainforest in Australia. The undergrowth under tropical rainforest is also sparse with thin top soil exposed in places and protruding corestones and boulders readily apparent. Under such conditions the soil is easily eroded, even by runoff from the tree trunk. Another possible reason for higher sediment yield in the forested catchment areas of Penang Hill compared to other forested areas in Malaysia is the added material from slope systems, such as landslips. According to Garner (1974) , streams in tropical areas are capable of transporting far more materials than they actually carry; erosion by a stream at the foot of slope is often necessary to trigger off a landslip upslope. Douglas & Spencer (1985) also cited a few cases of increased sediment concentrations in the Fly River, Papua New Guinea, as a result of irregular occurrences of landslides. On Penang Hill it was reported that 60 landslips occurred during a heavy downpour in September 1995 that caused major flooding of Penang Island (STAR, 1995) . Other incidences of landslips, rockfall and landslides in Penang are shown in Table 6 . One of the reasons for frequent landslips is the existence of a deep, weathered mantle found almost abundantly in the humid tropics. Once exposed due to wind-throw and uprooting, the weathered mantle is easily eroded so that a lot of sediment is washed down during extreme meteorological conditions. Elsewhere, in an example of a far more serious effect of extreme meteorological condition on landslides, Scatena & Larsen (1991) reported a total of 285 landslides over the Luquillo Mountains in Puerto Rico, associated with the passage of Hurricane Hugo. A similar hurricane was responsible for a total suspended sediment transport of 99 600 tonnes in 48 h from Lago Loiza basin, Puerto Rico (Gellis, 1993) .
CONCLUSION
The hydrology and sediment transport on the Penang Hill is controlled by the hydrometeorological conditions. A series of rain events will set up wetting conditions favourable for erosion and mass movement, which provide sediment sources in the catchment. Almost 60% of sediment was transported during storms. Erosion and sediment yield from this catchment is higher than from other forested catchment areas in Malaysia because of some small scale disturbances which were already present in the catchment and also due to the contribution of sediment to the channel from landslides. Variability in the sediment transport of individual storms demands the need for a long-term monitoring of sediment yield.
